The effects of discharge radio frequency (RF) power and film thickness were studied on the characteristics of Ca5(P04)30 H (hydroxyapatite) thin films fabricated by RF magnetron sputtering. The structure and chemical compo sition were investigated with a-step (thickness), scanning electron microscopy (SEM), X-ray diffraction (XRD), Ruth erford backscattering spectrometry (RBS), and infrared ab sorption spectrometry (FTIR). The films were analyzed assputtered and after annealing at 550°C under argon flow. SEM showed that the film surfaces had no cracks or other defects. X-ray diffraction showed that the deposited films were amorphous with low-discharge RF power, and crys-talline with high-discharge RF power. After annealing, all the films had the same crystalline structure as apatite. However, the RBS measurements revealed that all films had a higher calcium-phosphate ratio than standard syn thetic hydroxyapatite. Furthermore, statistical testing of the RBS data revealed the existence of only a weak correlation between the Ca/P ratio and the discharge power level* Al though all sputtered films showed phosphate bonds in the infrared spectrum, only after annealing did the O H bonds of hydroxyapatite become visible.
INTRODUCTION
During the last decade, a number of ceramic mate rials containing calcium and phosphorus have found increasing use for biomedical applications. This use is based on their biocompatibility and ability to form a chemical bond with bone. However/ a disadvantage of ceramic materials is that they are brittle and can only function in unloaded situations. To eliminate this problem, it has been proposed to deposit calcium phosphate ceramics as thin coatings on metallic sub strates.1 There are various methods to prepare such coatings. Currently, plasma spraying is the most fre quently used technique. 2^5 In several studies, it has been demonstrated that such Ca/P coatings on tita nium implants are very successful.6 However, de spite this clinical success, it has also been recognized that the plasma-spray method has several disadvan tages, such as the adherence of the coating to the substrate material, the thickness uniformity of the de-*To whom correspondence should be addressed. posited layer, and the integrity of the structure and composition of the coating. Therefore, one of the goals of the research on Ca/P coatings is to further improve their characteristics. In addition, another goal is to develop other methods to produce more adherent and thinner coatings. For example, in our laboratory, all experimental efforts are directed at the further development of radio frequency (RF) magne tron sputtering as a method for the deposition of thin adherent calcium phosphate coatings on medical im plant materials.7 The major goals of this research were to obtain Ca/P coatings with the physical and chemical structure of hydroxyapatite (HA), a highadherence strength of the Ca/P coating to the sub strate material, a uniform coating especially on com plex implant materials, and the application of Ca/P coatings on heat-sensitive substrates such as poly mers.
RF magnetron sputtering is a rather complex method, especially when used to sputter multicom ponent compounds such as Ca5(P 0 4)30 H (hydroxy apatite), There are many process parameters which can influence the physical and chemical properties of the coating. For instance, in a sputtering process the film composition depends not only on the target com position but also on sputtering parameters such as the ionized gas pressure8-10 and the substrate tem perature.11,12 Furthermore, the energetic particle ra diation (photons as well as particles) determines the growth of the layer,13 In an RF-discharge configura tion, positive ions produced in the bulk plasma are spray-coated with HA. The targets were 60% crystal line hydroxyapatite. Figure 2 shows that compared to the infrared spectrum of pure (powder) HA, the in frared spectrum of the target material exhibits only limited OH bonding. The substrate materials used for our experiments were Ti6A14V discs with a diameter of 12 mm. These discs were ground until 800 grit, after which they were polished with Buehler Master-™ The substrates were attached to a waterpolish. accelerated across the plasma and may arrive at the cooled specimen holder with silver paint. The specisubstrate with significant impact energies. These en-men holder may be continuously rotated or may be ergies have a distribution which is primarily deter mined by the excitation frequency of the discharge.13 This positive ion bombardment is the major part of the energetic particle bombardment occurring in RF discharges. It plays an important role during the film indexed on a fixed position.
The substrates were sputtered at a discharge power of 200, 300, 400, 500, 600, 700, and 800 W. The a-step measurements showed that the deposi tion rate varied between 1.8 |xm/h at 800 W to 0.28 fxm/h at 200 W. The deposition rate with a rotating substrate appeared to be about two to three times as low. The temperature close to the substrate directly after sputtering varied from 100°C at 200 W (stabilized after 3 h) to 290°C at 800 W (after 3 h). In Table I surface of the films sputtered at various discharge power levels or for various thicknesses of the films. All surfaces looked smooth and the surface of the apatite layer appeared to follow the surface of the underlying titanium substrate. No cracks or other de fects were visible. XRD measurements show ed only a crystalline phase in the Ca/P films sputtered on an indexed sub strate holder at 800 W for 2 h (Fig. 3 ). This XRD pat tern showed a preferred (ooI) crystallographic orien tation with the c-axis perpendicular to the substrate surface. Sharp (002), (102), and (211) peaks were vis ible at 20 = 25.88°, 28.1°, and 31.77°, respectively. apatite crystals in intact tooth enamel.7 The films sputtered with a lower discharge power level than 800 W and all films sputtered with rotating substrate holder appeared to have an amorphous structure (Fig. 3b) , After annealing at 550°C under argon flow all these films became more crystalline (Fig, 3c ). With the increase in crystallinity, randomly oriented apa tite peaks appeared. The XRD pattern of the annealed sample was similar to that of the plasma-sprayed tar get. Besides these HA peaks most of the annealed films also showed Ca4P20 9 (tetra-calciumphosphate) peaks at 20 = 29.35°, 29.95°, 31.25°, or 36,3° (Fig, 3) .
Infrared measurements showed for all the films This XRD pattern is similar to the XRD pattern of two clusters of peaks from 900-1150 and from 550-600 cm" 1, which can be attributed to the major absorp tion modes associated with the presence of phos phate.15 For the thicker films (>2 |j,m) sputtered at higher discharge power level (5*400 W) the broad peak in the region from 90(K1150 cm-1 split up into two peaks at 936 and 1124 cm" 1 (Fig, 4 ). Further more, the peak in the region of 550-600 cm"1 became higher compared to the peak of the other region. However, all the films also showed a broad peak over the region from 2800-4000 cm"1, which is due to wa ter absorbed from the surface of the films.1546 An increase of power level did not change the broad peak in the region of the water band. Annealing of the samples resulted in the appear ance of the hydroxyl peak at 3570 cm"1, characteristic for hydroxyapatite, and in the appearance of the var ious P-0 bonds at a wavelength of 558, 597, 630, 945,  963, 1018, 1083, and 1124 cm""1 (Fig. 5) . This was found for all films, only the intensity of the peaks varied for different films. For example, the intensity of the 1018 peak was highest for the thinner films sputtered at low discharge power, while for the other films the intensity of the peaks in the region of 550-600 cm"1 became higher.
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Analysis of the RBS spectra, using the computer simulation program RUMP,18 provided information about the atomic concentration in the sputtered films. Measurements and calculations demonstrated that all deposited coatings had a higher Ca/P ratio than the theoretical value of 1.67 for Ca5(P04)30 H For each sample the Ca/P ratio was constant over the whole
surface. However, the Ca/P ratio between films sput tered in different runs varied considerably, i.e., from 1.9-2.5 (Fig. 6) . To examine the possible existence of a relationship between discharge power level and Ca/P ratio, a simple regression test was applied to the data shown in Figure 6 . 
DISCUSSION AND CONCLUSION
Although RF magnetron sputtering is used widely for the deposition of nonconducting films, this tech nique is used only in our laboratory to apply Ca/P ceramic coatings on medical implants, We already provided some information about the characteristics of these coatings in previous publications.7/20/21 For example, we demonstrated that the in vitro dissolu tion in buffer solution appeared to be determined by the degree of crystallinity of the sputtered coatings. Furthermore, in vitro osteoblast cell culture experi ments showed extracellular matrix formation on top of both amorphous and crystalline-sputtered coat ings. In addition, under these conditions no severe degradation of the coatings was observed. They even appeared to enhance bone formation, However, cur rently, the exact sputter parameters to produce these coatings on routine basis are not completely clear, Therefore, the purpose of this study was to investi gate the influence of one of these parameters, i.e., the discharge power level, on the final film properties,
The results of the X-ray diffraction measurements showed that all deposited films in this experiment were amorphous, except the films sputtered at 800 W for 2 h (or more) on an indexed substrate holder, This is in accordance with the temperature measurements, because it can be assumed that when the temperature of the film is high enough, the lattice gets enough energy to crystallize. Considering the final crystallin ity of the applied coatings, it is worth noting that the temperature of the substrate also depends on the an gle between the substrate and the plasma sheath.19 Therefore, it is possible that under the same sputter conditions a film sputtered right above the target can be crystalline while a film mounted towards the edge of the substrate holder can be amorphous, The films that are crystalline after sputtering show 00/ ori- entation with the c-axis perpendicular to the sub strate surface.20 The other films that were initially height of the HA peaks of the sputtered films are similar to those of the plasma-sprayed films, we supamorphous showed randomly oriented HA peaks pose that the main component of our films is hywith some tetrapeaks after annealing. According to droxyapatite, Nevertheless, it has to be emphasized Brown,22 the X-ray diffraction patterns of tetra-that the observed tetrapeaks indicate the presence of calciumphosphate and hydroxyapatite are very com-another phase than HA with a higher Ca/P ratio. parable. Consequently, since the proportion of the The presence of another phase with a higher Ca/P ratio is also confirmed with the RBS measurements. The analysis of these data indicated that most of the sputtered films had a Ca/P ratio of about 2.2. This cannot merely be explained by the presence of HA and tetra-calciumphosphate, as suggested by the X-ray measurements. The Ca/P ratio of HA is 1.67 and of tetra-calciumphosphate, 2. Therefore, this high Ca/P ratio suggests yet another phase. This could be CaO, although the infrared spectra do not show the CaO bonds at 1350 cm -1 or at 725 cm" 1.
On the other hand, this high Ca/P ratio can also be explained by taking into consideration the mass of Ca, P, and Ar atoms in relation to high energies in volved in the sputter process.8,13 Since the mass of Ca is higher than both Ar and P, it can be assumed that the impulse of calcium is higher than that of phos phorus. Consequently, calcium arrives with a higher energy at the surface of the growing film than phos phorus. This could result in Ca implantation in the growing film or sputtering of phosphorus by calcium ions out of the growing film. In this context, it has also to be noted that according to Han et al.,8 the ratio of atoms from a multicompound target can be influ enced by altering the argon pressure during sputter ing. At a higher pressure the atoms with a lower mass should be more influenced by the scattering due to the plasma than atoms with higher atomic mass. Therefore, it is possible that the problem of the high Ca/P ratio can be solved by sputtering with a lower argon pressure.
Nevertheless, supported by the infrared measurements, we still think that the main component of our film is hydroxyapatite. As listed in Table II , the theo retical values24 of the mean wavenumbers of the ab sorption due to phosphate bonds in HA are v1 = 962, v2 473, v3 1057, and v4 580. The vibrations of v3 and v4 can split in v3a at 1088 and v3b at 1042 cm -1 and v4a at 601 and v4b at 570 cm" 1. These values are also listed in Table II . For hydroxyapatite the OH peak can be found at 3571 cm" 1 and the band due to the librational motion of the OH ion can be observed at 631 cm -1. The sputtered films showed a broad peak in the region of the vx and v3 wavenumbers and a broad peak in the v4 region. After the films were annealed under argon flow and became crystalline these broad peaks split up into the vlf v3a, v3b/ v4a, and v4b apatite peaks. Although the peaks at 1124 and 945 cm" 1 also suggest the presence of another calcium-phosphate phase, the OH peak at 3571 cm -1 and at 630 cm-1 clearly proves that a part of our sputtered film is hy droxyapatite .
The RBS data showed that the Ca/P ratio varied considerably between various films. Because a weak correlation exists, this variation can only be partly related to discharge power level. Furthermore, it can not be excluded that this diversity in Ca/P ratio is due to the used plasma-sprayed targets, since these tar gets are only about 60% crystalline apatite. The com position of the amorphous phase cannot be deter mined. There is, however, sufficient evidence to sup pose that this phase consists of other calcium phosphates. 25 The infrared measurement of the tar get compared with that of HA powder (Fig. 2) also shows that the target is not 100% hydroxyapatite. For example the plasma-sprayed target shows only few OH bonds. Therefore, it seems likely that the com position of the dislodged target particles by the bom bardment of high energy ions can differ for each sput ter run, resulting in wide variation in Ca/P ratios. Unfortunately, it is impossible to use dense sintered crystalline HA targets in the sputter experiments. Several pilot experiments, as performed in our labo ratory, demonstrated that such targets break due to considerable heating during sputtering. Besides, considering the performed temperature measurements with the thermocouple close to the substrate during sputtering, it has to be realized that they only give an indication of the real temperature of the substrate. The initial substrate temperature can be slightly lower than the observed temperature, be cause the substrate is mounted on a cooled substrate holder. Subsequently, w hen the film is growing, the bad thermal conduction properties of the ceramic Ca/P layer can result in an increase of the tempera ture. It is concluded that the temperature is higher when sputtered with an increasing discharge power level, but the exact temperature of the layer during deposition cannot be determined.
In summary, the most important finding of this study is that with RF magnetron sputtering, Ca/P films with an apatite structure can be deposited on titanium substrates as a thin layer. It has to be noted, however, that these films do not consist for 100% of HA. Therefore, further experiments are planned to improve the crystalline structure and to reduce the Ca/P ratio of the coatings.
